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FLTGIIT TESTS OF A HELICOPTER IN A1JI'OnOTA.TION, 
JNCLUDING A COM2ARISOO WI'l"E THEORY 
By Alfred Gesso'W end Garry C. Myers, $1' . 
SUMMARY 
The results of glioe rerfo~~ce tes t s conducted on a test 
helicopter .. 1 th its or5_ginel pr0duction blade s in the 8.utorotetion 
candi tion fl.re presented . The data 'ere r educed to coefficient 
form, and perfor:"1B.Il ,e at sta.TJ.dard eea- level con.ii t ions vas calcula ted . 
The e:A.l?eri)a.en '~ally tiet srrninei ro tor drDg-li:t r e tioD were compared 
wi th theoretical calcula.tions, and a similar comparison wes mads for 
previously obtD.ined 1101-1er-On flight da ta . In addition, the improve-
ment in povlGr-off (autorote.tion) performance that rElsul ts from 
opernting ,.".1 th ael'0llynaru1cally cleaner blades wa s investigated . 
The helicop tel" "res found to have a minimum rate of descent at 
sea level of 1080 feet pe- minute at an airs~eed of approxima tely 
40 miles ~ er hour . 'l'he maximum lift-fu'ag ratio of the helicopter 
WeB 3.9) mtd the highest l ift-drag retio obtained for the main 
ro t or wos 6.7. Good agreement between theory and experiment 'Tas 
obtained when theoreti Jal calculatior-s were based on a prof11e-d.raB 
II II. polar t.'1at correspond_ed to rougb alrfoil sections . Inasmuch as 
similflr agreement . iaS obtainell between theoretical nd experimental 
data in 110wcr- on leve l flight) the tbeory is consi'iered useful in 
extending the available rot or data from one condition to the other . 
It W"l.S found that the use of o.erodynamically cleaner blades r esulted 
in 8i~nificant gains in €11ding performance . FOT the helicopter 
tested it appeared th&t a 22 -percent re&uction in profile·drag 
coefficient i'lould result in a 6-l-percent reduction in the minimuIll rate 2 -
of descent . 
mTRODUCTION 
Flight tests are bei:1g cOnducted by the Flight Research Division 
of the Langley Laboratory on a conventional Single-rotor helicoyter 
as part of a general progr-am of heJicopter research . These tests 
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includ'3 ·~")')rforIIlrlll ,0 m88S'11'ements in level fllght, hoverin g , glides, 
~mcl clim-t3 , end. Caiilera observatio:1.s of blE .. de motion in selectad 
C o::l.cli tic-us. 'lillis J?8par presents the results of pmfer- off 
( 8.utorotat~ ou) perlonn.t'lnae lnoasnreI'lents that were marie with the 
or is:;'na l 1)1 o (ll:.c t.:'on se t of mc:,i!l-rotor blCld_es . 
IJ. the event of :~m-Tel' f< ilure the helicopt.er rOGor becom 8 , 
in effoct, ail. ~ ntogiro roto:!..... . Safety encl design conslderatioils 
mE'ke th1 s eutol'0~-ai:j.v0 c ond:i. ·~,ion i.11J.'p')Y'tant to the he lie 0lY t or 
desiB181'. Duta Gotpined v:Ell the tc<et helicopter in autorotation 
were taken in ordsY' to p!"ov1. rJo :~r:.f01':.l~3.t-ton 'Ihich could be used. 
in impr VJT.g the autorotative cll.arac tl3rletics of helicoptel's . The 
tests 8_lso p-cov:tded en opportl~G:li t.y to compal'e the same rotor in 
the pO 'ller- on ancl a'...torotat:t"El (;o1:,Ji t:lO:r..3, without the i n t roduction 
of 11ncorta5n~:i es dOle to d:ifft:I'~~~.cep 1.'1 b!J:l.cle parametors "'hich ere 
present wl:8n t;1;IO lli:::fe:;.'-)."l-:-; :cr,tc,::,s a .. :<) teotc::1. snd cOID::;>ar ecl iE the 
tv.-o concH tionc • The g:i :'._d.e "LOtta thus -ll(;:l'mltted a check of the 
theoretlcf.:-"'ly pc~ed:l.cteJ. rotoJ' clr2g··1:i.ft 1't'UOS in both power-on 
fu"1(l p()·~'3r-off fliB~:Lt < On(;e. t~:.e :c:le.ticr,3hl.~ betwGen the two 
condit:Lc·ns is ec·tal)lishe,-;'; tho a:n:1ilat)l,= inforl''1.'''tion on t he auto iro 
and th0 r.LeJ.icorter beC();:;:;)fJ interJ't)lat.e 0_ • 
V 
v v 
R 
P 
SYMBOlS 
gross \.TeiG-1. t of twl:copter, pOUTlds 
calibrated airspeed ( ~n(ticatsd ai.rsp3ed corrvcted foY' 
instrlilll(Omt a.Dd. ins-c,a:Llat·on e:'TorSj can be considered 
equa 1 to V II pi Po- in the present c ase I , mi l es per hour 
horizoLtal com~onent of true airs?eed, miles per hour 
r a ce of descant; vertical com.:?onent of tl"Ue a irspee , 
i'C3t per minute 
rotor-bla ce r adius, feet 
rotor angulnr velocity, radieno per second 
mass d6nsity of 8.ir, slugs per cubic foot 
mass de!l8i ty of air at sea le'TCl lmder standard cond.i tions 
(0.CO?3'78 slug per cubic foot) 
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<Xf'c 
T 
tip-speed. ratio (Y-~;. 0..) 
ro t or anele of attack; angle b et1,reen projection in plane 
of symrne+;ry of axis about '\"hich there is no cyclic 
piJ·ch clw.nge and a line perpendi cular to flight 
path, positive when axis is pointing rean18.l'd., degree s 
fuselage angle of attack; anglo between relative .lind and 
a line in plane of symme t ry ancl por-pen(lic1)~er to 
ma~.n-rotor- 811aft axis, posi t :l ve when nose is up, 
deGrees 
correction to fuselage angle of attack t o a llow f or 
rotor o.ol-)!lwash, de t;rees (assllillBd equal to - 57 ·3CL/4) 
correctod fusela ge angle of at-lB.ck, degL'oes (a..f -{- .6<Xf') 
fus~lo se l i f t coefficient (F-c..FJela.E~ lift.) 
\ ~pv-2rcI~2 / 
fusele.se drag coefficient (f.u8~J:Q£e ~ag\ 
\. 2~pv2rcRC / 
glide - pa th angle j that is, anglo of which tangent is r ate 
of c_0 scent divided by horizontal component of velocity , 
d.egrees 
1.IDcorrected :eotor lift coeffic i ent 
rotor lift coefficient (c -, Luncor 
rotor lift, pounds (H cos?, - fuselage lif t ) 
ro t or thrust, p01mds I L _ _ ') 
\cos 0.. 
(_ T '\ thrust coefficient . \ 
\ rcH2 p (On) 2 j 
over-all drag-lift ratio of helicopter ( tan y) 
parasi te draB of fuselage, rotor head, ancl b l ade shanks, 
divided by :main-rotor lift 
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E shaft power 11araID8ter (The symbol P is e qual to the rotor-
L shaft pOwer (j.ividod by the velocity along the flight path; 
in 8uc(".rot.at:l.on, P /L i s negative and represents the 
pm,Ter SU"P1Jlioa. by the rotor to overcome the gearing end 
bem'lnG frjcti onal l osses and to drive the tail rotor) 
a 
jnd.ncecl J.rag-1Ht ratio (taken herein 8.S CL/4) 
rotor profile drag-lift ratio 
drag-lift ratlo of main rotor; that is, rat.io of 
6qui valent drag of IU8.in rotor to rotor lift 
(mi + mo) 
solidity (b:i) (for tile present case , cr = 0.060 ) 
, , / (R cr~d1'\ 
equivalent chord \lTI r
2
dr ) 
\ 0 
c local chord 
r rad.ius to blad.e element 
a slope of curve of lift coefficient against section angle of 
attaclc (radian meaSLU'e j a ssumed equal to 5.73) 
Cd blade section profile-drag coefficient 
o 
0.0 b18.('.e cec tion angle of attack, measured. from zero lift, rad.ians 
Bm avera e ;n.aln ro t or"'bled.6 pi t,h, uncorrected for play 
in linkage or for mean blade t"lyist, degrees 
APPARA TUS AND TEST PROCEDURE 
The tests vTere conducted vli th a Sikorsky ENS-l (YR-4B) helicopter, 
the dimensions and. pertinent characteristics of which ar e shmm jn 
figure 1. Othor particulars , including a detailed description 0: the 
fabric-covered. origina l main-rotor blades , a r e given in r eferences 1 
and 2. 
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Quantities measured during the power-off glide tests included 
the fo l lo'liing ~ 
Airspeed. Free-air static ~ressu~e 
Maln--rotor pi tch 
Tail-rotor pitch 
5 
Rotor speed 
Main-rotor-.-sho.ft :'Ol~que 
Tail-roto~-shaft torque 
Free-air temperatUl'e 
Attitude anc l e ( shaft inclination) 
Cyclic-pitch control position 
The methods by i.,hich these qut;;.nti ttes vlere obtained are discussed 
in reference 1. 
In gliding flight the quanti ties "Thich most cri tical ly affect 
the accur~.cy of the resv.lts are f~irspeed and. rate of descer-t , 
and they are therefore considered worthy of' special discussion . 
A i..rspeed w2,g dete:i::G1ined by means of a f reely md veling pi tot-
static ir.s·callati on n.:.o~.l1ted on the end of a lon boom in front 
of the fu :.iel e.ge : t!16 airspeed head be:.:-.g about tiVO feet in front 
of tl1e m9.in rotor disk ( fig. 2) . The infltallation was calibrated 
by mea..'rlS uf a trail::'r:.g pi to l ·stati~ "bo~;b II suspended a.pproximat ely 
100 feet b'3lmof the rotor 0 Tho cali bra tien data obt ained are shown 
in f1gU2.'e 3. 
Atmospheric pressure measurements th9.t '\ ere n ecessary for 
calcula.ticn of rates of descent were continuously :c'ecorded thr'ough-
out eech run . 
Fl~8ht proceiure consisted in making ~ lides from about 
5~000 feet to 3)0')0 feet pressure altitude, t he a irspeed a.'1.d pitch 
eetting bei~g held constant. Variations in thL'ust coeffiCient were 
achieved b;/ cperating at differen.t pi t.ch settings ar..d t herefore at 
different rotat5.o!lal speeds . 
REDuCTION OF DATA 
ROtOl' drag-li ft rat ios (D/L)r were calculated from the general 
performanc e equation expressed in coefficient f orm as 
1: = (;Q') + (;Q) _ (;Q '\ 
L \.L r \,L , p L --k 
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For each test poin t, val ues of (D/L)g, P IL, and. (D /L)p were 
determined f!'o!TI meas'lD:'ements taken . Values of (D/L) (;!., J which 
'" represent the t&ngent of the engle of glide J wera calcuJ.ated from 
the airspeed and rate of descent . These rates of descent were 
calculate cl by means of plots of static P:i..'8ssure against t i me 
together 1vi th a mean free-air temperature value for the c.escent . 
\li th the rotcr in autorota tion, P /L is a small negative quantity 
t hat r eprese:lts tho power supplied. by the rotor to overcome the 
gearing a!1d beal'i~lg frictional losses 8::l0. to drive the tail rot or . 
This quantity P /L 1"'a8 deter.:nined f:!:'om recorded shaft torque end 
ro tor rotRtional speed . Valuffiof (D/L)p .Tere calculated with 
the sid of full-scale wind-tunnel tests on the fuselage and hub 
of the test helicoFter (fig. 4). The main-rotor c~a~-lift ratio 
was teen calc-::J.a·LGG. as 
The lLet~lOd of reiucir~g the data to coefficient form parallel s 
that of :i.~efere:1ce 1. Certai! of the ass lIl1ptJons used in the l evel -
f:i.igt t U181.ysis .;rare m(;dlfiocl J however, to comply w·i t h gliding-
flight cO::la.itio~.s and are as follows : 
(1) Rotor l:ift is calculated by multiplying the helicopter 
gross ive igJ.lt by the coslne of the glide angle and subtracting t he 
fuselage lift. Rotor th:rust, which was considered equal to rotor 
lift in level flight, was assumed oqv.al to rotor lUt d.i vi ded by 
the cosine of the rotor angle of attack 0" the value of 0, 
being Qeter-mined as in reference 1 . 
(2) The d:!'ag fo~co on the taU rotor was fomd (by t he method 
us ed in reference 1) to 8m01l.'1t to les8 then 1 percent of the fuselage 
drag in the autorota tion condition and was con sequently neglected . 
RESULTS ~N~ DISCUSSION 
The test data a r e pre sented i n table I . Drag-lift r ati os and 
other parameters derived from the d8ta are given in table II . 
He~icou ter glide uer1.orID~nc~ .- In order to obtain the variation 
of helicopter rate of (1,->8cent ·'",i th airspeed, unaffected. by variations 
of weight and density, the experiments.l date. were first plotted in 
the coefficient form ShovID in figure 5 . The abscissa, l/ \~ 
is a velocity parameter ... hich is directly propol't i on"ll to the true 
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velocity 8!1d vrhich effectively resolves variations of weight and 
density into equivalent velocity changes. The data are grouped 
according to thrust coeffici6ntc but, because of the limited data 
available &nd the scatter in the data which covered any trend .Ti th ~, 
a single Cur-.r8 was drawn to represent an average thrust coefficient 
of 0.0052 (averftge Yleig..ht 2520 Ib,> E.- = 0.92). '1'he da ta indicate 
DO 
a minimum valne of (D/L)g of 0.26 in the range of l/VCL 
between 2.0 to 2.2 cor:r9::JI'ond:tng to a maximum value of lift-drag 
ratio of 3.9 a t u.p!ll:·oximately 65 miles per hour. 
The non~i~ensional duta of figure 5 can be expressed in terms 
of r ate of des cer.:t. and velocity for any destred com::-inatlon of 
weight and air cle.!!f:dty . In f:'g:.::.re 6, the fai:ced e:A.-P3rimentol curve 
of figure 5 has been r ed.uced to standard conditions , that is, normal 
gross "Feight of 2520 pO'w1<ls and sea -level density. 
At sea -level conditions and normal ",eight, figure 6 shows that 
the test holicopter has a minimum rate of t e scent of 1080 feet per minute 
at about 40 mile s per hour . This speed corresponds to the speed range 
bebFeen 40 and 45 m1.1as per hour for minimum pOYler in level f light. 
(See fig 0 8 of l'of erence 1.) The m:tn jJ.f.1J.fll angle of glide can be found 
from fiC.A.:ce 6 to be approxirc.ately 140 a,':lC. to occur at a rate of descent 
of 11.;.00 feet per minu"w 8...'1d a t an alr speed of approxj.mately 64 miles 
per hom' . 
In ob taining the present flig.'lt data , emphasis was placed upon the 
deter.ninat~on of the glide characteristics over the higher speed range, 
that is, ru:L.'1inl'!.U.D. r ...lte of CcescEmt ancl min.:i1num angle of glide. A few 
measurerne~l t were also ma<le in vertical descent. As a r esult of t he 
diff i cu...lty tn holding zero horizontal speed, how'ever, the maY..i.mum rate 
of descent ob taineo_, 2140 feet per mii.:.ute when reduced to s ea-leve l 
condi tions 1 mny hay·) been as much a s 10 percent too low because of 
the pre Se:.:1G8 of some horizontal velocity during the measuremen ts . 
The effect of small hor:i.zontal velod.ties on the rate of descent in 
autorotation can be estinated f:rom. figu:;.'8 7, which presents glide 
data obtained with the PCA-2 autogiro (reference 3). The figure 
indicates t hat horizontal airspeeds between 5 and 10 miles per hour 
con effect a reduction in the r ate of descent of the order of 10 percent. 
Rot2r drag-lift r~t;oso- In order to study the efficiency of 
the rotor Hself, the D/L equivalent of the fuselage and residual 
shaft power losses have been subtracted from the over-all drag-lif t 
ratio (D/L) gJ as described in the s ection (Reduction of Data ." 
The resulting rotor drag-lift ratios are plo t ted in figure 8 a Gainst 
the velocity parmneter l/VcL' The lowest average value of measured 
main-rotor D/L shown in the figure is about 0.15, corresponding 
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to an IJ/D of 6 .7 . Inasmuch as the trend of the data cloes not 
ap]?ear to iYlG.ica te that. & rninil:!l.u·1Jl. has been reachecl , higher I"/D I S 
miGh t be expec -:'ed at hiGher s:)eeds . 
Q.Q~l~:r::isoILQl Y9J,or dr8 g-lift. re.tio w':i.th theorY.... - S'.'heoretically 
pred.ic. ted. v[11ues of (D/L}y are com})ared with flight date. in fi['; -
ure 8 . Inaflmuch 8S the expurimental data shm-reel EO trcrd for the 
variation 0; (D II" h vi th - C'r (because 01 tl e St'.all r engo of ('}' 10 
covereo. in tte tes"'s, tho limited data ~~akAn, anc1 the scatter among 
the,).), theo"'etical (D/L)r curves representing an average C,..., 
of 0 .005i: ,.".el'8 etrm.n . 
The theol''3t' a l curves were calculated from the 1)OrfOrrnDJlCa 
chart'3 of r eference li- , ,.".hich were extended. to jnclud.e- t~:p--speed ratios 
equal to 0.10. 'filese cha.rts al~e based. on a b l ade-section profile-
drag polar ,L"ep.l. 'esentoo by "he equ9ticn 
Th::'s 'Ta':'iat" on of drag coefficj ent with section angle of att a k 
is re~:""6..,en'i.,El tiye of cor.rventions.l, se!:...~ f\l'IJ.ooth airfoils (smcoth 
a::rfojJ 8 i:lCre<:tced by a r~ilgbn93s fact0Y of l? perc'3nt) . 'l'haory 
based ()~l s~.lch a d.rag l>olar -;r,ay prOpt'-Y'J.,Y be celled 1 ;Jemismooth 
b1a<5.0 " theory C.Ild taG c'U've is labeled. as such in f leure S. 
In or tier ) however, to take into acco:1Trb the imperfect -profile and 
deforlli~~,ble 3ur::aces of the fabric- covered blades tested ( nee 
refer.ence 2) J the theory was also calculated b;r lncreas ing the 
rotor proflle dr3,g-li£'t ratios obtai!led from the performance charts 
br 28 pe1'cent J tb.us all.owinf~ a tote] rongr..ness factor of 50 percent . 
The "rou h-rlade" theoretical curve in figure 8 was calculated in 
tht s IDal1J."lGr. 
Good agreo!:leob behoiee:1 the average eX}1er5.mental rotor drc.g-
l ift rE,tio' an,d tile rough-blade theoret:i cal valuos is :i.ndicated 
b'y fifjUre 8 . The difference b e hroen tho two theoretical curves i n 
t he figure sho'·rs that the lift and. drag ch<::'Tacterj stics of the 
rotor-blao..e sect.ions must be knovr.1 in order to predict the rotor 
perfo~J.ce ~ith sufficient accu acy . 
It is interesting to determine whother the same theory that 
was used for the autorotatio:lal con.ditien could 'be used t o predict 
the perfo:rT1al1Co 0 rotors in the power - on condition , l,evel - f'l if~ht 
data, 0 tained \-ri th t h e same set of b l ades used in the autorot.atJ on 
tests , af~orQ an excellent o1?~ortunity to check the theory in t he 
t,vo flight cO"ldi tiona . FraT!'!. this data , the infl l ence of secor"dary 
effects due to differences in 'blade constn1ction and sol idi by which , 
f or example , J.il:ight be present if t,vo different rotors wer e t est ed , 
- _. - - --------" 
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is eliminL.tedo Experi:nental drag-11ft !.~atios, obtained at an average 
CT = (0,00:;4 a.Cl tL.l\:en from r eference 1, 81'e cOI!l:;Jare d with resu1 ts 
obt8.ined by the rongh-b1f1de t heory in ftgu:re 90 The fig'..U'e indicate s 
good aGr'eem,:mt bet 'een theory and 8x9Griment for level flight, as was 
true in the £.utarotati ve case shmm in figl11'e 8. 
In ac1.d:i. tlon to presenting a c omparison b e ween theory au: 
erperirne:tlt, f:!.gures 8 anct 9 silo,,! th2.t the theoret.!.cal calc'Jlations 
pred.ict rotor :perf\.r·~ll:mce in the two conti:l tion., with sufficient 
accuracy to n:ake tl~e theoy,y useful in extenc.ing til.e scope of heli-
copter and autogiro rotor data t o ei thG~~ operating state. 
-fer5o!1I'-anse_.s.aJ.~_ to_2.f2_<?_:x:2,~.tl~~ \.Ii t ... ...§~00th80=~~.o§. .- Rotor 
drag-11ft r GtL)s o· tain0~l fl'0'.il.l·Li.l"8ce.le~tr'.mol tes-:J8 en a !'otor 
"Ji t:c. ~~')latiyely Bmcoth p.!..;yvlood-cover'OlQ blDdes are compared :in 
fig-p'e 10 with ya11::98 ce. ~.~1tlated for Be'lismooth blac.es 0 Tlle agree-
ment ShOiID SUI!3GfJt.s tho ij if SID.ootn. , rlgid-slJxfaced blades we!'e used 
on tne test helicopte:t', the r83rltir..t:; p0:·'forrr.ance wo".lld be in 
similar Qgreement "r:t th the ctil've 08.8e(1 on use of semismooth blad.e 
theory E:!1(~' 1 in f igl.i:L' e 5. 'rhe irnp:!.' oV0:1l.911 t in the gUde perf or!l'.ance 
of the n :.i .:' .iJ)(.ptcl · egu:!.I:pscl 'Tit,h, rotor 1,;.,~.c .3a aero·:'~T:a.Jrrdcally c16fu""1er 
the:-.l tk.' fl:."'lC;i!.J.Ol blades is 8~cvm in fi e ',-"~6 110 The CUl"YG jn 
fign'8 l\. labele d 1:(j·dr1r~al ~)J .adet3 II c-.: ;rrt:~ cpcnL.CS to the measu:':'ed 
perfc::~.cE::lGe 8[' :3. ' -."as t aJ:crr fl'c!I1 f i gl1re 6, w!:1eroas the c'Jr';e adjusted 
fo:c 5e1£.'~GLlcot,l-: uJ.8.c.i.e 3 .. :aG calculated. lly :':'ed1.,'.cing the measured rf;tte 
of de8Gent '!)y a~1 a"J1.CUl'.t eCl"J.i-{3.1- l,t to the difference (sho'\o.'ll in 
f :!.g. (,) bc·t,. Tee~l -c!1e tlleo:;:'etlcal values of (D!LI'l' for t e roueh 
and the s 0misBooth blad.eD e Tb,UB, the II!:lnim:~-m r ate of aep-cen t 1'iould 
be ~:,ed1;.ced fl'cn 1000 bo 1010 feet l'er IT.inute arid t~e mtnimlIDl glide 
ffilg1e ivc".lic. 1)e r8Q'iAc-sd by 9 percent if cleane::," blau.es were usee. . 
In ol'e.<3r to eveluate prc'f,erly the i mprovement i n glide performance 
effectei l .y a r e d·J.8 t:len in r0tor :o!'cf'~.le draB, t~e contribution of 
the parasi te and i:~ '.ducec~. crag 1088es are 13. 2.80 shown in figure 11 . It 
can be seeD t~.'at a helicopter wit: a 11gr..t disk 10ao . .ln g and a cleaner 
f1."~8elage wo-;;.lCl ·ben."i'i t more , C1 a :perr.:e:ltage basis J from an i:rlcrease 
in blade c2.ear,ne s s than t he heUcopte ... U-"1der t e s t . For exomple, 
the 22-peJ:'cent :red .... tc ·~ion in the rotor pl'c-file d:rag due t o cha...Y'Jging 
to semisDlooth blad.es 'wo't..ld result j,n a reduction of 70 feet per 
minute or 61 percent in the minimwm rate of descent of the helicopter 
2 
tested. If' the r ate s of descent due t o the parasite and induced drag 
were removed, hOT,rever, the minimum rat e of a.escent would bec ome 
500 feet per- rr.:'..nute . In this case thG 70 feet 'per minute 'Would 
r epresent··14 pOY.'cent of the J'!linim ill :rate of des~ent. A 22-percent 
reduction in rotor profi le d1"ag rray thus decrease t:"le miniu1JJn. rate of 
descen t as ill1::.ch as lL~ pe:;:-ocent, Clependi<:lg on the amoilnt of induced 
and parasite losses present. 
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COHCLUSl or: S 
From t!le d.a ta oD "t.ained. vTi th a conventi0na l single -rotor heli -
copt er a :::: tested in Qutoro t ation and the accompanying t!leoreUcal 
analys is, tllG .L'ollowing conclusions are indicated: 
1 . ]'or oper ation at sec: level, n mininlUm r a te of des8 E'n t of. 
1080 foe t per min 11..e ' -Jas ob"Ce ined at an airspu(·d of about l~O miles 
per hour . 
2. • 
waa 3 .9 . 
over the 
'l'he Ili3.xilliUffi lift - dly..!.g ratio of the hel icopter a.s tested 
Tile h ig lest Ilft - cll:a g :ratIo obtained for the main r otor 
e,vaj lable speed range wa3 6 .7 . 
j . Good. a gree!:l.81 t between tlleo::cetlc al 8.: . d experimental au to-
rotation peri'ovor:.a.lce ·flb S o-o+.,e.ined ,.,hen theoretical ca l cule,tions HeTe 
based on a profi l e -d.rag polar correspo!lr..ing to "rough " airfoil 
se(;tions. 
4 . ~:Oe sar'.e theory Ca.:l (nti 3facto:;:':ily p:':'edict the perfoTlIlance 
Gf a r01:,):;:' in both. the povter-o:::~f ar..d. POI'l'H'-On flight condi t.ione . 
5 · Since theolJ can 38.tisfactor:;'ly predict rotor perfor:nanc e in 
both "(,ho eutoyotation and. pmr'3:t' -on conditions ) it is consid.ered 
ueefu1 1n extenoing tl!e avaii able rotor data from ene condition to 
the otl;'0T . 
6 . Signi::'ic::mt improver!lent in gliding performance a-ppears 
posei·ble . ii ;:;h i mproved b1ad8 contour and SUlf 'ice condition . For 
the heli -:;opter tes"'vecl, a reduction of 22 percent in profil e -drag 
coefficient (ob tained by operating lvi th "serni3IO.ooth " instead of 
" ") 6) t d t . . t h . . r01..l&l clades wou2..d rC)sul t in a '2-percen· re uc lon I n e nD.::1.1m'.llll 
rate of .ie cer.t. 
Langl e; Mcmbl' i al Aero:laut.ical Laboratory 
Nation9.1 Ao.viuorJ Cornnlttee or A6 ona:'tic9 
L3.llCl ey Field, Va. ) February 17, 1947 
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TABLE I 
SUMMARY OF FLIGHT DATA IN AUTOROTATION 
Cali - rrrue Shaft Center Test brated Densi ty air- Gross Rotor Rete of Atmos- Free-air Main Tail Pitch angle i ncl1n- of gravity 
run a irspeed r atio, speed, weight , speed descent pheric t6l!!per- rotor rotor (de!!,- "tion pOSition , 
Vc plPo V W (rpn) Vv pressure atur e power power Main Tail (noss ahead of (mph) (av.) (mph) (lb) (fpm) (in . Hg) ("F ) (hp ) (hp) rotor r otor down) shaft (av. ) (deg) (in.) 
1 46.1 0.943 47 .5 2546 230 1080 28 ·78 70 -5·4 3 ·7 2 ·5 -0 .8 2 .1 0 .6 
2 54 .1 
·944 55 ·7 2578 224 1176 28 .98 73 -3 ·2 3 .6 3 .0 -3.1 3·1 1 .2 
3 48.1 .945 49.5 251>9 2).8 1260 28.99 73 -4.4 3 ·5 3 .1 -3.4 3 ·3 1.3 
4 51.0 
·941 52 .6 251>1 225 1250 28.91 73 -4 .6 3 .4 2 .8 - 2.9 3 .4 1.4 
5 47·0 .969 47·7 2498 214 1035 27.3 8 30 -5 ·2 3 ·7 3.1 -1 .4 1.9 2 .0 
6 42 .4 
.931 43 ·9 2533 22) 1080 28 .27 67 -4.4 3 ·0 3 ·5 -1.3 0 ·9 0 .8 
7 53 .1 
·929 55 ·1 2527 225 1240 28 ·33 70 -5 ·0 4 .1 3 ·7 -1.6 2 .4 0 ·9 
8 64.1 
.938 66 .2 2515 225 1540 28 .74 72 -6.0 3 .1 3 ·5 -1.9 4.1 1 .0 
9 53 .6 ·924 55 .8 ?503 208 1190 28 .30 72 -4.6 2 ·9 4.4 -1.8 3 .1 1.1 
10 55 ·3 ·927 57 . 4 2491 2)2 1275 28 ·38 71 -5 ·1 4.0 2 ·9 -1.7 3.0 1.3 
11 66 .7 
.935 69 .0 2485 226 1600 28 .54 71 -5 ·0 4 .1 3 ·5 -1.9 4.8 1.4 
12 54.6 
-939 56 ·4 2479 197 1306 28 ·77 72 -4 ·3 2 ·9 4.8 -1.7 3 .1 1.4 
13 38 .2 
·7tn 43 .1 2478 2).8 1290 22 .62 38 -5 ·3 2 ·9 4.0 -1 .6 2 .0 1.4 
14 40 .2 .811 43 .1 2478 2).0 1184 25 ·25 45 -5 ·2 2 .9 4.0 -1.6 2 .0 1.4 
15 43 .6 
·948 44.8 2478 225 1170 28.00 52 -5 .6 2 ·9 2 .9 -1.5 2 ·3 1.4 
16 65 ·0 .883 69 .2 2523 220 1520 27 ·10 73 ----- - .. _- 3 .6 -2·9 4 .3 0 ·5 
17 64 .9 
·892 68 ·7 2505 220 1450 27 .4c 73 ----- ---- 3 ·7 -3·0 4·5 0 ·7 
18 69.0 
·92) 11·8 2571 222 1620 28 .69 80 --- -- ---- ---- ---- 5 ·5 1.2 
19 64 ·7 .906 68 .0 2571 225 1470 28 .20 80 ----- ---- ---- -.. -- 4 .9 1.2 
20 73·7 .913 77 ·1 2559 226 1650 28.~2 80 
-5 ·7 ---- 4 ·3 -1.7 6.2 1.3 
-----
"CyclIc piech vRXia tion, in degrees from mean value i s 1.25 X stick position. 
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Stick Stick 
pOsition , posi t ion , 
forward l eft 
(in.) (in .) 
(a ) (a ) 
2 ·5 1.4 
-- ... _-_ ... - 1.5 
--- ---_ ... . 1.6 
-- ... _---- 1.4 
1.8 1.1 
2 ·5 1.3 
3 ·2 1.5 
3 ·5 1.5 
3 ·3 1.6 
2 .6 1.0 
3 .1 1.2 
3 ·3 1.6 
2 .0 1.5 
2 .0 1·5 
1.9 1.0 
3 ·8 1.9 
3 ·5 1.7 
4.1 1.9 
3 .6 1.8 
3 ·5 1.9 
Yaw 
angle 
(des; 
9 ·3 
6 .9 
10 .6 
2.4 
0 ·9 
0·7 
0 ·7 
1.5 i 
0 
-0.2 
0 .6 
0·3 
-3 ·7 
-1.6 
- 2·5 
-3 ·7 
-3 .4 
1.8 
4.1 
2 ·9 
~ 
o 
::t> 
r-:J 
Z 
~ 
. 
~ 
C\:) 
m 
--.J 
~ 
C\:) 
Test Vc V Vv em a. 
(mph) (mph) (ft/m1n) (des) (des) ~ run 
1 46.1 47·5 1080 2 ·5 10 0 .150 
2 54 .1 55 ·7 ll76 3.0 8 .182 
3 48.1 49.5 1260 3 .1 11 .164 
4 51 .0 52 .6 1250 2 .8 10 .170 
5 47·0 47·7 1035 3.1 10 .162 
6 42 .4 43 ·9 1080 3 ·5 1:> .142 
7 53.1 55 ·1 1240 3 ·7 9 .179 
8 64.1 66.2 1540 3 ·5 7 .215 
9 53.6 55 .8 ll90 4.4 7 .196 
10 55 ·3 57·4 1275 2 ·9 9 .180 
II 66.7 69.0 1600 3 ·5 7 .223 
12 54 .6 56.4 1306 4.8 8 .208 
13 38 .2 43 .1 1290 4.0 16 .14e 
14 40.2 43.1 llS4 4.0 14 .148 
15 43.6 44.8 ll70 2 ·9 13 •143 
16 65.0 69.2 ~5CO 3 ·6 6 ·231 
17 64·9 68.7 1450 3·7 5 .229 
18 69.0 71.8 16co ---- ... 5 ·238 
19 64.7 68.0 1470 ----- 5 .222 
20 73 ·7 77·1 1650 4·3 4 ·252 
L 
TA13LE II 
RO'lUR mAG-LIFT RATIOS AND RELATED PARAMETERS 
CL 
(uncor .) 
0 ·399 
.295 
.366 
·327 
·379 
.468 
· 299 
.co4 
·291 
·272 
.186 
.276 
·550 
·502 
.429 
.199 
.199 
.180 
.C05 
.158 
IERIVED FROM AUTOROTATIOIl FLIGHT Dl.TA 
DD.r <X.fc t.~ (deS) (46s) 
-5 ·7 7·2 -0 .001 
-4.2 6.6 -.001 
-5·2 8·3 -.001 
-4 .7 7·6 -.002 
-5·4 7·0 -.001 
-6·7 8.6 -.002 
-4·3 8.1 -.001 
-2.9 8,3 - .002 
-4 .2 6.7 -.001 
-3 ·9 7.7 - .001 
-2 .6 7.6 - .001 
-4.0 8.2 -.001 
-7 ·9 10.0 -.003 
-7.2 9·0 -.002 
-6.1 8.9 - .002 
-2·9 7 ·3 - .001 
-2.9 6 ·5 e 
-2 .6 6.8 - .001 
-2.9 6.~ 0 
-2·3 4.8 0 
~ 
CL CT 
2CT p/L 
-
a as 
0 ·39/) 6.63 0 .0047 0 .0273 - 0 .015 
.294 4·90 .0050 .0290 -.012 
.365 6.08 .0052 .0302 -.013 
·3 25 5.42 .0049 .0285 - .013 
.378 6.30 ,0052 .0302 -.013 
.466 7·77 ·~050 .0290 - .015 
. 298 4.97 ,0049 .0285 - ,013 
.C0 2 3 ·37 .0048 .0279 -.011 
·290 4 .83 .0057 .0331 - .010 
.271 4 ·52 .QOI;6 .O~7 - .013 
.185 3·08 .0048 .0279 - 011 
.275 4.58 .OoS2 .0360 - .009 
·547 9·1:> .0060 .0349 - .016 
·500 8.34 ~9 .0343 - .014 
.427 7·1? .00ll7 .0273 -.016 
.198 3 .30 .0053 .0308 - .010 
.199 3 .32 ·0052 .0302 -.010 
.179 2.98 .0051 .0296 -.009 
.C05 3·42 .0051 .0296 -.010 
.158 2.63 .0050 .0290 -.008 
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(D/L)S ( D/L )p 
0 . ~8 0 .045 
.248 .060 
.302 .649 . 
.281 .054 
·255 .047 
. 291 .039 
.~4 .061 
·274 .090 
.249 .062 
. ~1 .067 
·274 .098 
·274 .066 
.362 .033 
·329 .036 
.312 .042 
·259 .089 
.248 .089 
.~6 .106 
·253 .092 
.249 .120 
(D/L)r 
o .co8 
.176 
.240 
.214 
.195 
.237 
.190 
.173 
.177 
.181 
.165 
.199 
.313 
·279 
·254 
.160 
.149 
.151 
.151 
.121 
(d:S) I 
I 
15 ·0 
13 ·9 
16 .8 
15·7 
14·3 
16 .2 
14.8 
15 ·3 
14 .0 
14~6 
15·3 
15·3 
19.9 
18.2 
i 
17·3 
14.5 
13 ·9 
14·9 
14.2 
14 .0 
f--1 
W 
~ 
() 
~ 
I-j 
Z 
Z 
o 
. 
f--1 
t\? 
(J) 
-.J 
Gross weight (as flown), lb 
Disk loading, lb/sq ft 
Tip speed (normal) 
Main rotor, fps 
Tail rotor, fps 
Rotor solidity •.•.••••••• 
Distance from center line of main rotor 
t o center line of tail rotor, ft 
Parasi te drag area, sq ft • • • • • • • 
~ IO~O' ----...J 
2520 
2,22 
447 
494 
0.06 
25 , 2 
23 
,~ 
\<\~ ~\ \ 
\ 
I 
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Figure 1.- Dimensions and character1stiCs of test helicopter-. 
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(a) General v1ew. 
-
(b) Close-up view of airspeed head. 
F1gure 2.- Airspeed boom and details of p1tot-static and 
flow-angle pressure-tube installations. 
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Figure 3.- Calibration of airspeed-recording 1nstallation. 
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Figure 4.- Fuselage drag and lift coefficients (based on 
rotor-disk a rea ) obtained in Lan&ley full-scale tunnel 
and used i~ r eduction of data for test helicopter. 
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Figure 5.- Drag-lif t r a tio (E) aga inst velocity parameter -1- for test 
g VeL 
helicopter in autorotati'Je flight. Gross weight as flown, 2520 pounds ± 2 percent; 
density r a tio ~, 0.92 ± 4 percent. 
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Figure 6.- Autorotative "performan ce of test helicopter 
reduced to standard sea-l evel conditions , derived from 
f a ired curve of figure 4. Gross weight, 2520 pounds . 
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Figure 7.- Effect of horizontal velocity on autorotative 
rates of descent (from reference 3). 
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Figure 8.- Comparison of exp erimental and theoretical main-rotor drag-lift r a tios for test 
helicopter in ~utorotative flight. Theoretical curves computed for average CT = 0.0052. 
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Figure 9 .- Compa r ison of power-o n experiment e.1 e nd t heore tic a l main-rotor drag-lift r a tios 
for t es t hel i c op t er in t he 1evel- f libl1t conci i t ion. ( Exp eriment ed data fro IT! r efer ence 1. ) 
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Figure 10.- Comparison of experlmental and theoretical drag-11ft rat10s for a plywood- ~ 
covered rotor 1n autorotat1on. 5 
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F1gure 11.- Effect of ma1n-rotor profile drag on autorotat1ve g11de performance. 
increment between "or1g1nal blade" and "sem1smooth" blade curves was calculated 
theoretically. 
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